Studies of genetic adaptation in plant populations along elevation gradients in mountains have a long history, but there has until now been neither a synthesis of how frequently plant populations exhibit adaptation to elevation nor an evaluation of how consistent underlying trait differences across species are. We reviewed studies of adaptation along elevation gradients (i) from a meta-analysis of phenotypic differentiation of three traits (height, biomass and phenology) from plants growing in 70 common garden experiments; (ii) by testing elevation adaptation using three fitness proxies (survival, reproductive output and biomass) from 14 reciprocal transplant experiments; (iii) by qualitatively assessing information at the molecular level, from 10 genomewide surveys and candidate gene approaches. We found that plants originating from high elevations were generally shorter and produced less biomass, but phenology did not vary consistently. We found significant evidence for elevation adaptation in terms of survival and biomass, but not for reproductive output. Variation in phenotypic and fitness responses to elevation across species was not related to life history traits or to environmental conditions. Molecular studies, which have focussed mainly on loci related to plant physiology and phenology, also provide evidence for adaptation along elevation gradients. Together, these studies indicate that genetically based trait differentiation and adaptation to elevation are widespread in plants. We conclude that a better understanding of the mechanisms underlying adaptation, not only to elevation but also to environmental change, will require more studies combining the ecological and molecular approaches.
Introduction
The capacity of many plant species to thrive across a broad geographic range is due, at least in part, to adaptation of their populations to local conditions (Leimu & Fischer, 2008; Hereford, 2009) . Similarly, there is growing evidence that adaptation can be important in enabling populations to persist under changing conditions, including climate change (Jump & Peñuelas, 2005; Hoffmann & Sgr o, 2011) . It is therefore important to ask how commonly adaptation arises, which conditions promote or hinder it, and whether different species respond to similar selection pressures with similar adaptive responses (Hoffmann & Sgr o, 2011; Franks et al., 2014; Meril€ a & Hendry, 2014) . One approach is to study the responses of multiple species across the same type of environmental gradient. For example, studies of elevation gradients in mountains have provided numerous examples of how environmental variation is associated patterns of trait differentiation and adaptation, both within species (e.g. Clausen et al., 1940; Pellissier et al., 2010) and across entire floras (e.g. K€ orner et al., 1989; K€ orner, 2003) .
Elevation is a complex environmental gradient, associated globally with declining atmospheric pressure and temperature, whereas abiotic factors such as solar radiation or precipitation show more regional patterns (K€ orner, 2003, 2007) . Across elevation gradients, changes in abiotic and biotic factors can therefore lead to strongly divergent selection, which may result in local adaptation (Kawecki & Ebert, 2004; Gonzalo-Turpin & Hazard, 2009) . Such adaptive divergence (hereafter 'genetically based trait differentiation') depends on the amount of genetic variation within populations that fuels adaptation, the strength of selection and the extent of gene flow among populations (Bridle & Vines, 2007; Savolainen et al., 2013) . Phenotypic differentiation can also arise from selectively neutral processes alone; here, neutral genetic differentiation tends to increase with geographic distances due to genetic drift (Wright, 1943; Savolainen et al., 2013) . Importantly, inferences on genetically based trait differentiation and potential role of adaptation cannot be made from in situ observations, as traits may also vary across elevation gradients due to phenotypic plasticity. Instead, experiments under common conditions are needed to distinguish phenotypic plasticity from genetically based variation and transplant experiments can inform on adaptive responses (Kawecki & Ebert, 2004; Blanquart et al., 2013) . In mountains, environmental changes can occur across short geographic distances, with potentially considerable dispersal and gene flow between populations (Lenormand, 2002; Bridle & Vines, 2007; Sexton et al., 2013) . Elevation gradients therefore offer an opportunity to study adaptive traits under strong selective pressure to overcome the homogenizing effect of gene flow (Gonzalo-Turpin & Hazard, 2009; Sexton et al., 2011) .
Another reason for the popularity of using elevation gradients to study adaptation is that they are convenient systems for experimentation. Genotypes from strongly contrasting environments can be collected in close proximity and grown in common gardens, or reciprocally transplanted between sites of origin. Elevation gradients are especially useful for studying climatic effects on adaptation, as variation in confounding factors such as day length, geology and biogeographic history can be kept to a minimum. Common garden and reciprocal transplant experiments have revealed that in many species differentiation in phenotypic traits like height and phenology along elevation gradients has a genetic basis (Kawecki & Ebert, 2004; Angert & Schemske, 2005; Byars et al., 2007; Haggerty & Galloway, 2011; Blanquart et al., 2013) . The genotypes growing in the colder, more seasonal environments at high elevation generally produce shorter plants with thicker leaves and more tolerant of frost than at lower elevations (K€ orner, 2003; Vitasse et al., 2014) . As a trait directly linked to reproduction, phenology has been extensively studied in several systems (e.g. Wolkovich et al., 2014) . Whereas phenological differences can be pronounced along elevation gradients, directional selection on this trait seems to vary across species. For instance, early flowering can be an advantage in a late snowmelt habitat, because it may be important for plants to complete flowering within a short growing season (Stinson, 2004; Anderson et al., 2012) ; in contrast, where snowmelt is early, an early flowering plant risks damage from late frost events (Inouye, 2008) , or might be limited by low pollinator abundance early in the season (Totland, 1994) . Despite these examples, we have no overview of how trait patterns vary across species with different life histories, phylogenetic histories and breeding systems, or on which environmental factors (including geographic distance between populations) they depend. Theory would lead us to expect genetic differentiation between populations to increase with spatial and environmental distance, to be stronger for inbreeding species that are sheltered from gene flow and to be stronger for species with shorter dispersal distances and more rapid generation times (e.g. forbs compared to trees Linhart & Grant, 1996 ; but see Leimu & Fischer, 2008; Hereford, 2010) . Finally, processes such as founder effects, hybridization and adaptive evolution influence the genetic composition of introduced populations colonizing a new area (Bossdorf et al., 2005) , which generally have had less time to adapt.
A review of trait differentiation and adaptation across elevation is also timely because elevation gradients are increasingly used to study adaptation at the molecular level. Identifying loci targeted by selection is central to our understanding of the genetics underlying adaptation to elevation, and research in this field has received new impetus from the recent advances in sequencing technology that permit virtually any organism to be investigated. Indeed, populations occurring along elevation gradients separated by limited geographic distance offer an ideal arena to identify adaptive loci under selection using the widely applied methodology of genome scans or environmental association analysis. This is because recurrent gene flow between populations with low isolation by distance will maintain low levels of differentiation across the neutral portion of the genome, whereas adaptive loci will be detectable as regions with elevated divergence of allele frequencies (Nielsen et al., 2007; Strasburg et al., 2012; Savolainen et al., 2013) . Such approaches are often na€ ıve with regards to which phenotypic traits are under selection, and results are commonly interpreted in the light of putative gene functions and responses to specific environmental variables. An alternative approach is to select traits for adaptation to elevation a priori and then investigate their genetic architecture in phenotypic association studies, in which genomic data and trait information are coupled. Regardless of the approach taken, few studies have assessed the fitness effects of variation at putative candidate loci, despite this being an essential step in understanding mechanisms of adaptation (Savolainen et al., 2013; Wolf et al., 2017) .
Despite the long history of studying plant adaptation along elevation gradients dating back to the pioneering work of Clausen et al. (1940) , and an extensive literature on the topic, we know of no reviews of the topic apart from that of Read et al. (2014) , who summarized the literature on leaf trait variation along elevation gradients. We thus lack a quantitative assessment of the extent and adaptive significance of genetically based variation in plant traits along elevation gradients in plants (see Keller et al., 2013 for a review on animals). Here, we review evidence for genetically based trait differentiation within plant species along elevation gradients, both at the phenotypic level (from plants growing in common garden and reciprocal transplant experiments) and at the molecular level (from genomewide surveys and candidate gene approaches). We address the following four questions: (i) How consistently across taxa is the direction and magnitude of genetically based trait differentiation in height, biomass and phenology along elevation gradients, as revealed from common garden experiments and reciprocal transplants? (ii) Do biological (e.g. life history, breeding system) or environmental (e.g. climate or geographic distance between populations) factors explain variation in this genetically based trait differentiation along elevation gradients? (iii) How strong is the evidence for adaptation to elevation, revealed from reciprocal transplant experiments using different fitness proxies (survival, reproductive output or biomass) and molecular studies, and which environmental and biological factors influence the strength of adaptation? (iv) Do experimental and molecular approaches reveal similar traits as being putatively under selection? We conclude by highlighting some major knowledge gaps that remain, and argue for a closer integration of experimental and molecular approaches to gain a deeper mechanistic understanding of the traits underlying adaptation to elevation.
Materials and methods

Literature survey and collection of phenotypic trait differentiation
We conducted a literature survey using the ISI Web of Science on 29 January 2016 with the following criteria: (altitud* OR elevation*) AND (gradient OR transect OR cline) AND [(genetic OR 'common garden' OR transplant) NOT animal]. We only retained papers published before the end of 2015. Additional studies were identified from the bibliographies of relevant articles and reviews (Leimu & Fischer, 2008; Hereford, 2009 ) and supplemented by one study from a personal database (unpublished data). The abstracts of over 1000 studies were screened and studies reporting traits of wild-growing plants were excluded, because any differences in population means might be due to environmental effects. Further, we only included wild species (not on higher taxonomic level than species, no cultivars or land races, for which differentiation was influenced by artificial selection), and only populations that were at least 150 m apart in elevation (approximately 1°C change in mean annual temperature based on the adiabatic lapse rate) and that had a Euclidian spatial distance of at least 1 km (so as not to exceed the spatial resolution of the climate data used; see below). Because environmental variation along elevation and spatial gradients are often confounded, we excluded studies with a very large geographic distance between populations (arbitrarily set to a threshold geographic distance of 1000 km). From 10 studies with a large latitudinal or longitudinal range, a subset of populations from a narrower geographic area was used. We examined 201 studies in detail for the criteria's described above, of which 25% were excluded due to methodological reasons and 40% because of missing metadata (i.e. coordinates of the study populations) needed to calculate geographic distance between populations (see below). We retained 70 studies performed between 1948 and 2015, reporting population mean trait values of 74 plant species raised in 236 experimental sites (70 common garden studies of which 54 were performed in gardens, 16 in climate chambers and/or 8 in greenhouses) from at least three populations from different elevations (two populations for reciprocal transplant experiments). Of the 70 studies, 14 were reciprocal transplant designs and we treated each experimental garden as one common garden within a study.
Phenotypic trait data were extracted separately for each species, site (e.g. common garden locations or greenhouses and climate chambers with different climatic settings; hereafter 'transplant site') and year. Within studies and species, only populations and transplant sites from similar habitats were included (e.g. excluding desert and semisteppe sites from Volis et al., 2002) . From studies with multiple observations across a single season (e.g. Sangtarash et al., 2009) , we used the data from the last observation. From eight studies that imposed different treatments like light or nitrogen addition (Rapson & Wilson, 1992) or different water levels (Sangtarash et al., 2009) , we selected only the control treatments. Across the 70 studies, this yielded a total of 772 trait/species/study/year combinations (hereafter 'study units'), which formed the basic unit of replication in our analysis. Within each study unit, we extracted mean trait values (see below) and the source elevation of each population. In three studies included in the analysis, data were reported as means of different populations from the same elevation (Hassel et al., 2005; Gonzalo-Turpin & Hazard, 2009; Poll et al., 2009) , whereas another study provided population means from three different gardens at the same elevation (Frei et al., 2014) . If the data were not presented in tables, we extracted the numbers required from figures using DataThief III version 1.6. (Tummers, 2006) . We also collected the following additional information: from each study, origin of experimental plants (F0: rhizomes, tillers, cuttings or seedlings collected in the field; F1: progeny of field-collected seed; F2+: progeny of plants grown for at least one generation under common environmental conditions); the continent of the common garden sites (Africa, Asia, Europe, Oceania, North, Central and South America); the introduction status of the populations (native or non-native); and type of study (garden, greenhouse or climate chamber). We also extracted relevant information for each species, including plant family, breeding system (not available for all species), longevity and growth form (Table S1 ) from the original articles, the BiolFlor database (Klotz et al., 2002) and other literature.
Geographic and climatic distance among populations within a study unit might influence the magnitude of genetically based trait differentiation along elevation gradients. Therefore, we extracted the geographic coordinates of each population when they were provided, or obtained them using Google Earth version 7 (2016) from location names or maps. From these, we calculated the mean absolute latitude from which populations for a particular study were collected, and the maximum geographic distance between populations within a study unit. We also estimated the mean annual temperature (hereafter 'MAT') and temperature seasonality for every population at the site of origin using the WorldClim database of climate interpolations (Hijmans et al., 2005) . While these data have a coarse spatial resolution of 1 9 1 km, they are available and comparable for all continents. We used the climate data, to express trait changes with elevation using an ecologically meaningful and comparable unit that accounts for differences in climate at the same elevation in different regions. We chose MAT (Read et al., 2014) because this was closely correlated with elevation within study units (r = À0.71 AE 0.012, mean AE SE), indicating that MAT captures climatic differences between populations that are associated with elevation (Read et al., 2014) .
For convenience, the extracted trait data were grouped into five trait categories: traits related to growth (e.g. plant height, biomass, biomass allocation to leaves), phenological traits (vegetative and reproductive), vital rate (e.g. survival, reproduction), physiological traits (e.g. assimilation rate, freezing tolerance) and 'other' (e.g. disease incidence, pubescence; Table S2 ). The most frequently and consistently recorded traits were height (28 studies), aboveground biomass (hereafter 'biomass', 17 studies) and onset of phenology (e.g. date of first flowering, 21 studies; for the number of study units see Table S2 ), and these were retained for further analysis. The remaining traits (presented in Table S2 ) were heterogeneous and only available from a small number of studies and were therefore not analysed statistically.
The phenotypic data were used to test for genetically based trait differentiation in populations along elevation gradients. The values for height, biomass and phenology were standardized to a mean of 0 and a standard deviation of 1 within each study unit to account for variation in the magnitude of trait values across species and to express clines in standardized, comparable units. For each study unit, the standardized population means were regressed against MAT of the source populations (representing elevation), assuming a linear relationship. A quadratic relationship provided a better fit in only 5.3% of the cases, and hence for consistency, we used a linear fit. The slopes of these regressions were taken as the effect of MAT on a trait, expressed as the number of standard deviations of change in the trait per 1°C of MAT. To assess the overall magnitude and direction of genetically based trait differentiation with elevation, the mean and confidence intervals of the regression slopes were calculated for each of the three traits.
The maximum temperature ranges between populations within study units (i.e. elevation extents; hereafter temperature range) varied from 1.3 to 23.5°C (mean AE SD = 6.75 AE 3.80). Preliminary analyses using a quadratic model showed that temperature range was strongly negatively correlated with absolute regression slopes (height: F 2,65 = 53.45, P < 0.001, biomass: F 2,77 = 11.12, P < 0.001, phenology: F 2,61 = 25.19, P < 0.001, Fig. S1 ). This is, however, most likely explained by a geometric constraint within the data: for the same trait change, the regression slope is on average steeper on a short than a long gradient. We controlled for this effect by including temperature range as a covariate in all models.
We identified predictors related to life history, methodology, geographic distance between populations and the environment that we hypothesized would explain variation in the magnitude or direction of clines. We considered an initial set of twelve predictors (Table S3 ). Some of the four numeric predictors were highly collinear and so we only retained numeric variables with a Pearson correlation of r < 0.7 (Dormann et al., 2013) . Mean absolute latitude between populations was strongly correlated with mean annual temperature (r = À0.85, Table S3 ) and mean temperature seasonality (r = 0.82), and we therefore excluded the two latter from further analyses. Plant family, longevity, generation, continent and study type were strongly imbalanced (< 5 observations for some levels; factor levels reported in Table S3B ) and were also excluded. With these omissions, five predictors, namely absolute latitude within a study unit, maximal geographic distance between populations within a study unit, breeding system, growth form and introduction status were retained in the analysis.
Analysis of phenotypic trait differentiation
To assess the influence of these predictors on clines (regression slopes), we used a multimodel selection and model averaging approach (Grueber et al., 2011) . Instead of choosing the single best model, we produced a set of top models weighted by their Akaike information criterion values (AICc) adjusted for small sample size, which generally provides more robust parameter estimates (Grueber et al., 2011) . We fit linear mixed effects models using maximum likelihood with the lme4 package (Bates et al., 2015) for each of the three traits (biomass, height, phenology), with the six predictors as fixed effects. To assess the effect of the predictors on the direction and magnitude of clines along elevation gradients, we ran two separate models, one using the normal regression 'slopes' (expressing direction and magnitude) and the other using 'absolute values' of regression slopes (expressing magnitude only). Intercepts for 'species', 'study' and 'year' were included as random effects to account for the nonindependence of observations. To account for variation in sampling effort across studies, the observations were weighted by the number of populations in a study. The model selection included models for all combinations of the five explanatory variables (n = 32, including the full and intercept-only null models with temperature range as a covariate in all models). However, we excluded interactions, because we were only interested in the relative importance of each variable.
The models were ranked by their AICc and the Akaike weight (w i ; a relative weight of evidence for each model given the data; Johnson & Omland, 2004) , using the 'dredge' function in the MuMIn package (Barton, 2015) . For each model, the adjusted R 2 was calculated to assess model fit (Galipaud et al., 2014) . For model averaging, we used the 95% confidence set of models by ranking the models according to w i . The Akaike weights from each model were then summed, starting with the model with the highest w i , until the cumulative sum of w i exceeded 0.95. The 95% confident set of models contained 17, 18 and 14 models for the regression slopes and 15, 16 and 17 models for the absolute slopes for height, biomass and phenology, respectively (Table S4 ). Because none of the models individually had w i > 0.9, parameter estimates and standard errors were obtained from weighted averages (using w i ) over all models in the 95% confidence set of models (Symonds & Moussalli, 2011) . Models that do not contain a predictor contribute zero (i.e. parameter estimate of 0) to the calculated average (Burnham & Anderson, 2002) . We used z-tests to test for a significant deviation of an averaged parameter estimate from zero. Analyses were performed in R 3.3.3 (R Development Core Team, 2017).
Adaptation to elevation
To test for adaptation of plant populations along elevation gradients, we analysed data from the 14 reciprocal transplant experiments retrieved by the literature search. These studies provided data for at least one of the following fitness proxies: survival (six studies), reproductive output (nine studies) or biomass (10 studies). Biomass was included because it is often treated as a fitness proxy and can correlate positively with reproductive output (Younginger et al., 2017) . The 14 reciprocal transplant experiments reported 75 estimates of relative fitness in 22 species. Adaptation can be defined as populations having higher mean fitness growing in 'home' vs. in 'away' sites, or alternatively when 'local' populations have on average higher fitness than 'foreign' populations at a given site (Kawecki & Ebert, 2004) . We used a recent approach (Blanquart et al., 2013) that combines the two contrasts of 'local vs. foreign' populations and 'home vs. away' sites (Kawecki & Ebert, 2004 ). If we consider two populations a and b from locations A and B, respectively, adaptation is supported when the populations growing at their own site (i.e. a and b growing in A and B, respectively) have on average higher fitness than populations growing in a foreign site (i.e. a and b growing in B and A, respectively; hereafter 'own vs. foreign sites'). To test for adaptation, a linear mixed effects model for each standardized fitness proxy was fitted with the factor 'own vs. foreign sites', the temperature range between populations within a study unit, and the interaction of these two variables as fixed effects, and an intercept for 'population', 'species' and 'study' as random effects. Temperature range was included in the model to account for the geographic distance between populations. A significant interaction between own vs. foreign sites and temperature range could indicate, for example, that local adaptation is more likely between populations originating from sites with more strongly contrasting temperatures. We used a multimodel selection approach to assess the influence of the two predictors and their interaction on the fitness proxies. The parameter estimates and standard errors were obtained by averaging over all models in the 95% confidence set of models as described above. We also tested whether life history traits (breeding system, growth form and longevity) had an effect on adaptation. For this, we used a mixed effects model with the interaction of own vs. foreign site and life history trait as fixed effects and the same random effects as above. We did not include temperature range in this model to account for the geographic distance between populations because it was not found to be important for adaptation (see above). We obtained parameter estimates using the multimodel selection (comparing all combinations of the fixed effects) and model averaging approaches described above.
Finally, we tested whether the magnitude of adaptation differed between low-and high-elevation sites. We used the same mixed effects model as above with own vs. foreign site and location of the transplant site (high vs. low) and their interaction as fixed effects. For this analysis, we excluded mid-elevation sites if studies had more than two transplant sites, because we were interested in high vs. low elevation contrasts. The analysis was the same as described above. All analyses were performed in R 3.3.3 (R Development Core Team, 2017).
Literature survey of the molecular genetic studies on adaptation to elevation To review current knowledge about the molecular basis of adaptation to elevation in plants, we focused on studies that characterized putative orthology and function of candidate loci under selection. We retained studies that inferred selection in genome-and/or transcriptome-wide data, in sets of candidate genes, or in targeted investigations of specific genetic pathways. We excluded studies based on anonymous markers (e.g. AFLPs, SSRs) or with only limited representation of the genome (e.g. ESTs). We included only intraspecific investigations reporting on multiple populations of wild taxa sampled along elevation gradients, and excluded cases of vicariant taxa occurring at different elevations, as well as studies of land races or cultivated species. We conducted an ISI Web of Science search (accessed February 2, 2016) to retrieve papers published after January 2000 using the following keyword combinations: (i) (altitude* OR elevation*) AND (gradient OR transect OR cline) AND genetic AND adapt* AND plant; (ii) (altitude* OR elevation*) AND ('genome scan' OR 'candidate gene' OR outlier) AND plant. Relevant papers not retrieved by these searches were added from personal libraries. These searches produced a list of 346 publications, from which only 10 satisfied the above criteria. From each paper, we extracted information regarding the species under investigation, coordinates of the populations used in the study, characteristics of the genetic dataset, methods of inference (adaptive differentiation, genotype 9 environment correlations, cline variation, signature of selection, epistatic selection or phenotypic association), type of selection detected, proportion and functions of genes under selection, evidence of convergent evolution among gradients and putative links to phenotypic traits (Table S5 ). The studies recovered in our survey allowed only for a qualitative assessment.
Results
Literature survey of phenotypic trait differentiation
The 74 plant species for which we obtained phenotypic data belonged to 26 families, and included 32 forbs, 32 woody species, eight grasses, one fern (Asplenium antiquum) and one moss (Pogonatum dentatum; Table S1 ). The majority of populations were from the species' native range (87.3%). Most studies were conducted in Europe (38.6%) and North America (34.3%), with many fewer from Asia (8.6%), Oceania (8.6%), South and Central America (8.6%) and Africa (1.4%; Fig. 1 ). Populations originated from gradients that had temperature ranges between 1.3 and 23.5°C (mean AE SD = 6.75 AE 3.80) corresponding to 180-3342 m a.s.l. difference in elevation. The populations' maximal geographic distance within a study unit ranged from 3.2 to 839.4 km. Over half (54%) of the studies included fewer than 10 populations, with the median numbers of populations per study unit for height, biomass and phenology being 8, 4 and 4, respectively.
The 70 studies in our survey reported more than 80 different morphological and physiological trait measurements (Table S2) , although most of these were considered in only a few studies, and could therefore not be analysed statistically. The results from these studies revealed that some physiological traits -for example dark respiration, chlorophyll and carotin content -increased with elevation (Oleksyn et al., 1998; Premoli & Brewer, 2007; Bresson et al., 2011) , whereas traits related to assimilation, photosynthetic rate/capacity, stomatal density and stomatal conductance either showed no clear trends or decreased with elevation (Williams et al., 1995; Oleksyn et al., 1998; Angert, 2006; Premoli & Brewer, 2007; Bresson et al., 2011) . Leaf economic traits such as leaf nitrogen content and leaf thickness generally increased with elevation (Oleksyn et al., 1998; Ryser & Aeschlimann, 1999; Bresson et al., 2011) , whereas specific leaf area and leaf mass per area showed no consistent trends (Williams et al., 1995; Bresson et al., 2011; Pluess et al., 2011) . Traits related to a short, cool growing season -for example, a high proportion of biomass allocated to roots (Oleksyn et al., 1998; Dhanai et al., 2003) -also showed a positive trend with elevation (but see Montesinos-Navarro et al., 2011), whereas tolerance to frost damage increased with elevation (Hawkins et al., 1991; S aenz-Romero & TapiaOlivares, 2008; Viveros-Viveros et al., 2009) .
Phenotypic differentiation in biomass, height and phenology
There was considerable variation in both the direction and magnitude of genetically based clines in biomass, height and phenology with elevation. The average regression slope of the effect of MAT on biomass was positive, and height showed a positive trend (Fig. 2) .
Biomass increased with a mean slope (AE SE) of 0.08 AE 0.02 standard deviations per degree of MAT and height with 0.13 AE 0.08, indicating that plants from low elevations (high MAT) were larger than those from high elevations (low MAT). In contrast, temperature effects on phenology were not consistently positive or negative (range: À0.63 to 0.83, mean: 0.01 AE 0.03).
Genetically based trait differentiation was not significantly explained by any of the five predictors tested (absolute latitude within a study unit, maximal geographic distance between populations within a study unit, breeding system, growth form and introduction status), using either the slopes or absolute values of the slopes (i.e. confidence intervals for all predictors included zero; Fig. 3 , Table S6 ). For the height data, the model with the highest Akaike weight w i was the intercept-only null model (slope: w i = 0.152; absolute slope: w i = 0.2), whereas for phenology, it was the model including maximum geographic distance among populations within study units (slope: w i = 0.354; absolute slope: w i = 0.187; Table S4 ). For biomass, the top model also included maximum geographic distance among populations (w i = 0.208), but only using the regression slopes; the top model using the absolute data was one including maximum geographic distance among populations and absolute latitude (w i = 0.281). These low Akaike weight values (w i < 0.9) suggest, given the candidate set of models, these models are unlikely (15.2-35.4% chance) to be the best models describing the data.
Adaptation to elevation
For the reciprocal transplant experiments, the maximum temperature range for populations within a study was between 1.0 and 11.6°C (mean AE SD = 7.27 AE 3.10), corresponding to 359-1975 m a.s.l. difference in elevation, whereas the maximum geographic distance among populations was 4.2-230.4 km. Plants growing in their 
E U R O P E A N S O C I E T Y F O R E V O L U T I O N
own sites had on average 20% higher survival than plants growing in foreign sites (z value = 2.54, P = 0.011; Fig. 4a ; Table S7A ). However, there was no difference in the average reproductive output or biomass of plants growing in their own site and those growing in a foreign site (Fig. 4b,c, Table S7A ). Temperature range among populations within a study unit had no effect on any of the fitness proxies (no significant interaction in Table S7A ). Similarly, there was no effect of the tested life history traits on adaptation for any of the fitness proxies (no significant interaction in Table S8 ).
When differentiating between populations from low and high elevation, we found the classical pattern of adaptation in terms of survival: at both elevations, plants at their elevation of origin outperformed plants originating from foreign elevations (significant effect of 'own vs. foreign' in Fig. 4d , Table S7B ). Overall, plants from both low-and high-elevation origins had higher biomass when growing in a low-elevation transplant site. Nonetheless, within sites plants growing at their own elevation generally had a greater biomass than plants originating from a foreign elevation (significant interaction z value = 7.16, P < 0.001; Fig. 4f , Table S7B ). Reproductive output did not differ significantly between either sites or origins (Fig. 4e ).
Molecular genetics of adaptation to elevation
A heterogeneous set of 10 studies involving twelve taxa of forbs and trees provide evidence that molecular data can reveal signature of selection on genes involved in adaptation to elevation (Fig. 1, Table 1 , Table S5 ). These studies included whole-genome surveys that made no initial assumptions about putative traits under selection, and more focussed studies that selected a priori a set of genes as being potentially important for adaptation. Only two studies attempted the functional validation of candidate genes, providing insight into the genetic basis of phenotypic response targeted by selection.
Genomewide data
In three studies, data from whole-genome or wholeexome scans were used to infer putative loci under selection in populations collected along elevation gradients. In a study of Arabidopsis hallerii subsp. gemmifera, clines in allele frequencies of candidate genes in two Japanese mountain ranges pointed to convergent evolution of gene functions related to physiology, light response and developmental processes (Kubota et al., 2015) . Two genes were recovered to be under selection in both mountains, including one gene putatively underlying a key phenotypic trait that varied with elevation, that is the abundance of trichomes. A parallel molecular study on A. hallerii (Fischer et al., 2013) in the Swiss Alps revealed selection for loci involved in response to water availability, light radiation and for interaction with bacteria. Holliday et al. (2016) compared signatures of selection in populations of Populus trichocarpa in two mountain ranges in British Columbia and found evidence for convergent evolution in 23% of the SNPs under selection in loci generally involved in developmental and light-mediated processes.
Screening candidate loci
Five studies investigated a panel of a priori selected genes on the basis of their putative functions. Scalfi et al. (2014) used a SNP chip of 224 genes to genotype populations of Picea abies along two gradients in the Italian Alps. Whereas no significant outliers were found, two genes with unclear functions showed significant correlations with temperature and precipitation. Csill ery et al. (2014) used a panel of 53 genes involved in response to abiotic stress and phenology (i.e. bud burst) in populations of Fagus sylvatica on two opposite slopes of Mount Ventoux (France), and found evidence for epistatic selection in pairs of SNPs (i.e. < 1% of the total number) in genes involved in physiological responses and bud burst. Selection on genes for budburst phenology was also investigated in populations of Quercus petraea in the Pyrenees using a panel of SNPs representative of 73 candidate genes (Alberto et al., 2013) . A signature of selection was recovered for genes involved in stress responses and physiological processes. Signatures of selection emerged in 7 and 12 genes in a set of 25 candidates involved in cold hardiness and/or drought tolerance in populations of Pinus hwangshanensis and Pinus massoniana, respectively, in the mountains of south-east China (Zhou et al., 2014) . Only one study using a screening approach of populations occurring along elevation gradients of both Cardamine resedifolia and Cardamine impatiens in the Italian Alps addressed adaptation to elevation in forbs (Ometto et al., 2015) . It found no significant differentiation in the 19 genes studied (11 genes thought to be involved in adaptation to high elevation and eight neutral genes), although significant correlations with environmental factors were recovered for markers involved in water and cold stress.
Functional validation of candidate loci
Two studies provided detailed analyses of key regulators of the flowering pathway in Arabidopsis thaliana. M endez-Vigo et al. (2011) dissected the genetic architecture of flowering-related traits and showed functional diversification of allelic variants of four key regulators along elevation gradients. In a subsequent study, Suter et al. (2014) found correlations between differences in the expression and regulation of genes involved in the vernalization process and the clinal variation in flowering time across 15 populations originating from different elevations in the Swiss Alps. Combined, these studies reveal the genotype 9 environment interactions that determine flowering time along elevation gradients in A. thaliana, a key trait found to be under selection also along latitudinal gradients ( Agren et al., 2017) .
Discussion
Phenotypic trait differentiation along elevation gradients
Our analyses show that genetically based trait differentiation along elevation gradients is common in plants and associated with variation in morphological and phenological traits. For biomass, and to a lesser extent for height, our study showed a clear trend towards smaller plants at higher elevation, corresponding to approximately 0.4 standard deviations of change in aboveground biomass per 5°C of MAT, or roughly 1000 m of elevation; 33-40% of species did not follow these trends in height and biomass, showing either no clear pattern (e.g. Xie & Ying, 1994; Quiroga et al., 2002) or even producing more biomass at higher elevations (e.g. Soto-Correa et al., 2014) . Nonetheless, our results support previous evidence for the smaller size of alpine species compared to lowland plants (K€ orner & Diemer, 1987) , which is commonly assumed to provide several advantages to alpine species, including warmer microclimatic conditions close to the ground and protection from wind (K€ orner, 2003) . Our study shows that this is a more general pattern, as only three species in our analysis could be considered alpine (i.e. only occurring above treeline), and smaller size at higher elevation was also seen for lower elevation taxa including trees. Several processes could contribute to these patterns, which have been observed both within and among species. For example, declining size with elevation might result from selection for slower growth and greater stress tolerance (K€ orner, 2003) . This is consistent with genetic clines in leaf economic traits (nitrogen content and leaf thickness) that have also been found Adaptation to elevation in terms of fitness proxies: survival, reproductive output and biomass. Average advantage of plants growing at the elevation they originated from ('own') over those from 'foreign' elevations (a-c) and standardized means of fitness proxies at lowand high-elevation sites for populations originating from low (circle) and high (triangle) elevation (d-f). Stars indicate significant differences in standardized trait means between own vs. foreign sites (OF), at low-vs. high-elevation transplant sites (TS) and their interaction (OF 9 TS; *0.05 < P < 0.01; **0.01 < P < 0.001; ***P < 0.0001; see Table S8 for statistics). Table 1 Molecular genetic evidence for adaptation to elevation as inferred from studies relying on genomic scans, candidate genes and/or experimental evidence. Shown are species, family, sampled gradient and location, molecular genetic data set, function of genes under selection and evidence related to phenotypic traits (for further details see Table S6 ). ‡This study includes investigations of both elevation and latitudinal gradients. Only results from the former were considered. §This study includes investigations of both micro-and macrogeographic patterns. Only results from the former were considered. ¶This study includes between-species comparisons not considered here.
Species
to increase in populations along elevation gradients when grown in common gardens (Oleksyn et al., 1998; Ryser & Aeschlimann, 1999; Bresson et al., 2011) . Alternatively, smaller size at higher elevation could also reflect an overall lower performance of populations reaching their range edge at high elevation (K€ orner, 2003; Sexton et al., 2009) . Thus, both adaptive and selectively neutral processes could have generated the pattern of reduced plant at higher elevation. Across species, populations were frequently differentiated in terms of phenology along elevation gradients. About one-third of all study units showed clines of 1 SD in phenology per 5°C along elevation gradients. However, phenological patterns varied strongly across species, with high-elevation populations of particular species showing both earlier and later seasonal development, and no significant directional trend across all studies. This diversity suggests that contrasting responses in terms of flowering time may be adaptive in populations along elevation gradients. Indeed, variation in flowering time responses may even occur within a single species, as was shown for populations of Capsella bursa-pastoris collected from different elevations across Europe (Neuffer & Hurka, 1986) . In that study, populations originating from high elevations generally flowered later than those from low elevation, except for some high-elevation populations from Norway, which flowered earlier compared to other high-elevation populations, possibly due to different cues that trigger flowering (Neuffer & Hurka, 1986) . Phenology is influenced by different environmental cues, such as photoperiod, temperature, vernalization, rainfall, soil moisture, the timing of snowmelt or a combination of these (Rathcke & Lacey, 1985) , which might help explain the highly species-and population-specific nature of these responses. Nonetheless, we found no overall preferred adaptive phenological strategy along elevation gradients. Furthermore, none of the variation could be explained by the life history types despite the diversity of species and life strategies included in our survey, which might be due to their skewed representation within our dataset (Table S3B) . Also, the geographic distance among populations did not explain any variation, unlike other studies (e.g. Sexton et al., 2011) , which might be due to generally high gene flow between populations along elevation gradients (Bridle & Vines, 2007; Sexton et al., 2009) .
Adaptation to elevation
This review of reciprocal transplant experiments provides several examples of adaptation to elevation, reinforcing the view that adaptation is widespread in plants (Joshi et al., 2001; Leimu & Fischer, 2008; Hereford, 2009; Preite et al., 2015) . Whereas most studies emphasize adaptation across large spatial scales, we show that differentiation can occur between neighbouring populations with limited isolation by distance and possibly extensive gene flow (e.g. Alberto et al., 2011; Buehler et al., 2012) . General support for adaptation was found in terms of plant survival but not for reproductive output (contrary to Hereford, 2009) . Survival showed the strongest response for adaptation, also when differentiating between populations from low and high elevation. This suggests that the environment constrains the ability of genotypes to persist at foreign elevations, through direct selection on survival. In terms of biomass, there was no overall evidence for adaptation; regardless of the elevation of origin, plants produced more biomass at the lowest transplant sites, where the growing season was longer and warmer. On the other hand, the local plants produced more biomass (i.e. the lowland plants in the lowland and the high-elevation plants at high elevation) within low-and high-elevation transplant sites, showing a signal of local adaptation. These results suggest that the elevational clines in biomass described in the previous section do have an adaptive basis. However, biomass may be an unreliable proxy for fitness, especially in transplant experiments conducted along elevation gradients, as small plants may have an adaptive advantage at high elevations.
None of the life history and spatial variables tested, for example temperature ranges between populations within study unit, explained interspecific variation in adaptation, in contrast to previous studies which found that the extent of local adaptation can be influenced by the breeding system (Leimu & Fischer, 2008; Hereford, 2010) . This might partly be explained by the skewed distribution of life history types represented in the few studies we were able to find. For lack of reported information, such as population size, we were unable to test other factors reported to influence adaptation (Leimu & Fischer, 2008) . Moreover, studies rarely assessed fitness across the entire life cycle of study species: most experiments were established with seedlings and only very few used seeds (e.g. Leger et al., 2009 and unpublished data) , excluding the possibility for selection acting during germination and early growth. Later life stages of long-lived species (e.g. trees) were also lacking. Although our analysis suggests that adaptation is common, we cannot exclude the possibility that this result reflects a literature bias towards publishing statistically significant results.
Molecular genetics of adaptation to elevation
The 10 molecular studies in our survey are insufficient to draw general patterns concerning the genetics of adaptation to elevation, but do demonstrate the large potential of genomic studies as applied to plant systems. Similar evidence of the strong role of elevation in driving adaptive processes has started to emerge in animals (Keller et al., 2013) , and examples from the human genetics literature have provided insight into the genes underpinning specific physiological processes, for example in populations from the Tibetan plateau, as well as into the evolutionary history of adaptive genetic variants (Huerta-Sanchez et al., 2014) . Whereas the study of the genetic mechanisms underpinning adaptation in plants is still in its infancy, the available data illustrate not only that selection along elevation gradients can leave strong genetic signatures, but also that this signature can be related to local environmental conditions. Environmental variables frequently recovered as drivers of adaptation include light, temperature and water availability (Fischer et al., 2013; Zhou et al., 2014; Kubota et al., 2015; Holliday et al., 2016) , which, in turn, influence aspects of a plant's life history strategy such as the requirement for vernalization or the timing of flowering and bud burst (Alberto et al., 2013; Csill ery et al., 2014; Suter et al., 2014) . Furthermore, in some species an effect of elevation emerges through the biotic component of the environment, for example interactions with the bacterial community (Fischer et al., 2013) . Together, this evidence calls for further investigations applying state-of-the-art genomic methodology to harness the potential of elevation gradients to foster a more general understanding of plant adaptation.
The current literature presents plausible candidates loci for adaptation to elevation, although the actual mechanistic functions of the genes contributing to the genetic architecture of the ecologically relevant traits mostly remain to be tested. In our survey, only two studies presented direct evidence of the effect of expression and regulation of genes (Suter et al., 2014) and allelic variants (M endez-Vigo et al., 2011) on clinal variation in A. thaliana. These studies demonstrate the key value of targeted experiments downstream of the detection of candidate genes, which constitutes a much-advocated requisite to validate the function of loci under selection and link their role to phenotypes relevant for adaptation (Strasburg et al., 2012; e.g. Wolf & Ellegren, 2017) .
Merging ecological and molecular genetic approaches to study plant adaptation to elevation Until now, plant adaptation to elevation has been studied either from an ecological perspective, by testing for effects of the environment on traits or fitness components, or from a molecular genetics perspective, by pinpointing relevant loci involved in adaptation. However, these approaches provide complementary insights into the selection pressures and traits involved in adaptation, and there are important benefits from combining them. Firstly, ecological experiments are better suited to studying quantitative traits involved in elevation adaptation (e.g. height, biomass), whereas molecular genetic studies are able to target more 'cryptic' physiological traits (e.g. frost tolerance, response to light) and processes that are not necessarily included in our a priori expectations. Only phenology, an ecologically highly relevant trait with often a well-known genetic basis has so far been addressed by both approaches. Phenotypic association studies represent a straightforward step to establish a link between traits, genetics and environmental factors. Combining experimental and molecular approaches therefore has the potential to provide a more holistic view of traits under selection, and we encourage more ecological studies to focus on physiological traits, ideally guided by the findings of molecular studies.
Secondly, identifying candidate genes, as the name implies, remains of limited value unless their presumed adaptive effects can be demonstrated. Ultimately, we would like to make direct connections between adaptive phenotypes, the underlying genetic variation and adaptation to elevation. The conceptual framework for such investigations relies on reciprocal transplant experiments with corresponding gene variants from the same population aimed at disentangling genotype 9 environment interactions and identifying the type of selection acting on specific genes (Savolainen et al., 2013) . Here, it is important to consider the effects of variation in both candidate genes and genetic background (Holderegger et al., 2008) . Exemplary studies include the well-studied Montana/Colorado populations of Boechera stricta (Anderson et al., 2013) and the Italian/Swedish populations of A. thaliana ( Agren et al., 2013) , and inland/coastal populations of Mimulus guttatus (Lowry et al., 2009; e.g. Hall et al., 2010) . These studies provided unprecedented insights into the genetic basis of adaptation to environments contrasting for multiple components, including a latitudinal gradient, but to our knowledge, evidence from experiments specifically addressing elevation gradients is scarce. A pivotal study in this regard used natural mutants of a dwarfism gene in A. thaliana from the Swiss Alps tested at different elevations (Luo et al., 2015) . Although this study provided no evidence for adaptation, it clearly showed the importance of testing the fitness effect of putative adaptive alleles using ecological approaches. In this regard, studies of plant adaptation can leverage on the advantage of easier practical setups compared to many animal systems and can rely on wellestablished experimental frameworks. Combined with the advantages of using elevation systems, as reported above, we advocate that the ecological genetics of elevation adaptation holds great prospect to advance our knowledge on the evolutionary processes underlying natural selection.
Finally, molecular genetic studies have provided clues about possible selection pressures associated with elevation that are hard to infer from reciprocal transplant experiments alone. In particular, some molecular studies associate biotic interactions with selection along elevation gradients (e.g. trichomes and bacteria in A. hallerii; Fischer et al., 2013; Kubota et al., 2015) . In contrast, we are only aware of one ecological study that addressed biotic interactions explicitly, which found that lowland populations of grand fir (Abies grandis) had a higher resistance to needle disease (Uredinopsis longimucronata) than high-elevation populations (Xie & Ying, 1993) . Indeed, plants in transplant experiments are often grown without neighbours (i.e. in weeded plots or commercial soils), thus reducing the possibly important role of divergent biotic selection pressures across elevation gradients. For example, at low elevation competition might select for taller and faster growing species, potentially contributing to the clines in height and biomass reported here. Positive effects of neighbours at high elevation might also modify climatic selection pressures (Olsen et al., 2016) .
Whereas our review suggests that adaptation along steep climate gradients in mountains is pervasive, it remains difficult to draw conclusions about the implications for future adaptation. This is partly because few studies have quantified both trait heritability and genetic variation, which would be the necessary basis for predicting evolutionary responses (e.g. Sedlacek et al., 2016; Gienapp et al., 2017) . In our view, predicting the evolutionary fate of populations exposed to climate and other environmental changes requires a combination of quantitative genetic, molecular genetic and modelling approaches (Hoffmann & Sgr o, 2011; Gotelli & StantonGeddes, 2015) . Nonetheless, the presence of adaptation at small geographic scales in mountains under current environmental conditions implies that adaptation could also be important in maintaining range-wide performance during periods of global change.
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